Two Pseudomonas isolates, named ES-1 and ES-2, were shown to possess a wide degradative spectrum for haloalkanes in general and bromoalkanes in particular but did not degrade nonsubstituted alkanes. The utilization of water-insoluble haloalkanes, such as 1-bromooctane, appeared to consist of three phases: (i) extracellular emulsification by a constitutively excreted, broad-spectrum surface-active agent, (ii) dehalogenation by an inducible hydrolytic dehalogenase (possibly periplasmic), and (iii) intracellular degradation of the residual carbon skeleton. Several observations suggest the existence of more than one dehalogenase in strain ES-2.
Of the xenobiotic compounds extensively used in agriculture and industry, halogenated compounds, as a group, have probably drawn the broadest scientific and public interest. Within this group, chlorinated compounds, because of their widespread use, have been the most extensively studied (1, 2, 6, 7, 16-18, 20, 25) . Brominated organics have received far less attention.
Nevertheless, brominated organic molecules are also in use worldwide as flame retardants, pesticides, fumigants, industrial biocides and pharmaceuticals, and as intermediates in the polymer industry. However, the scientific literature dealing with the biodegradation of brominated organics is, compared with that dealing with the biodegradation of the chlorinated ones, relatively limited in scope (11, 21, 22, 24, 32, 33) . Even more limited is the investigation into the biodegradative pathways of aliphatic bromides (see reference 4 for a recent review).
We report here the isolation and preliminary characterization of two Pseudomonas strains capable of utilizing a broad range of bromoalkanes as single carbon and energy sources. We also describe the emulsification and dehalogenation of hydrophobic bromoalkanes by these strains.
MATERIALS AND METHODS
Strain isolation and characterization. Flasks with basal medium containing 4.35 g of K2HPO4, 0.2 g of MgSO4, 0.5 g of KH2PO4, 0.5 g of (NH4)2SO4, and 10 ml of a trace element solution (34) per liter were inoculated with samples from experimental biological reactors for the treatment of organobromide-rich chemical industries' wastewater (4a) . Medium pH was 8.0. 1-Bromooctane was added as a sole carbon and energy source, and the flasks were shaken at 25°C. Colonies were obtained on a solid medium of the same composition as the enrichment medium. While bromooctane was not homogeneously dispersed in the medium, it nevertheless allowed growth. Two isolates obtained in this manner, termed ES-1 and ES-2, were further characterized with the aid of an API 20NE (Analytab Products, Montalieu Vercieu, France) bacterial identification kit which screens both for carbon sources (glucose, arabinose, mannose, N-acetylglucosamine, maltose, gluconate, caprate, adipate, malate, citrate, and phenyl acetate) and for selected bio-* Corresponding author. chemical activities (nitrate reduction, indole production from tryptophan, acid production from glucose, arginine dihydrolase, urease, ,-glucosidase, gelatinase, and cytochrome oxidase). For pigment production, the isolates were grown on solid King's B medium (15) .
Electron microscopy. Negatively stained cells (uranyl acetate, 1%) were prepared by the method of Kessel et al. (13) and examined by the use of a JEOL 100B electron microscope.
Growth conditions. Growth medium composition was identical to that of the enrichment medium, at pH 8.0. Culture flasks were incubated at 30°C in a rotary shaker (150 rpm). Growth was followed by optical density determination at 540 nm (Hewlett-Packard 8452A diode array spectrophotometer) and by direct counts of acridine orange-stained cells (10) .
Dehalogenation assays. Exponential-or early-stationaryphase cells were collected by centrifugation (12,000 x g, 10 min) and washed three times in fresh growth medium. Concentrated cell suspensions (2 x 108 or 1 x 109 cells per ml) were shaken with a fresh substrate at 30°C. Under these conditions, no growth occurred. Dehalogenation was assayed by determining free-halogen concentration in the medium over a period of 4 to 6 h, except as noted otherwise, according to the method of Bergmann and Sanik (5) . In these nongrowing cell suspensions, Br-release rates were linear. When a lag period was observed before measurable bromide linearly accumulated in the medium, its duration was calculated by extrapolating the regression line to the time axis. Dehalogenation rates were calculated from datum points obtained after linearity had been established. Gas Emulsifying activity. Emulsifying activity in the growth medium was assayed as previously described (4) by adding the test substrate (100 RI) to 2 ml of the assayed medium in a 1-cm-diameter glass test tube. The tube was vortexed at maximal intensity for 30 s and immediately inserted into the holder of a Hewlett-Packard 8452A diode array spectrophotometer. Optical density at 540 nm was continuously monitored for 10 s, during which it decreased in an approximate first-order mode because of the sedimentation of the formed droplets. Emulsifying activity was defined as the optical density at time zero and was determined from the intercept of the regression line with the absorbance axis. Activity determined in this manner for fresh growth medium was subtracted from all experimental-point values.
RESULTS
Strain isolation and characterization. Two bacterial isolates, capable of aerobic growth on 1-bromooctane, were isolated from enrichment cultures containing this compound as a sole carbon source. On the basis of the biochemical and carbon source utilization assays described in Materials and Methods, these strains (both are nonpigmented gram-negative rods) were tentatively identified as Pseudomonas spp. Both ES-1 and ES-2 are equipped with single polar flagella clearly observed by electron microscopy (not shown). Average cell lengths were 3 and 5 ,um, respectively. In the presence of 1-bromooctane (10 mM) as a single carbon and energy source, generation times were 134 and 83 min for ES-1 and ES-2, respectively. Both strains grew optimally at pH 8.0, with no significant differences in growth rate in the presence of NaCl concentrations up to 10 g/liter. Higher salt concentrations were partially inhibitory; at 40 g of NaCl per liter, growth rates were approximately 60% of the maximal values.
Utilization of organic compounds. The two strains were identical in all the API system identifying characteristics examined (positive for all assays described in Materials and Methods excluding indole production from tryptophan and acid production from glucose) except for the ability to grow on phenyl acetate, unique to ES-2. Further differences were observed when a wider spectrum of organic compounds were examined for their ability to support growth. In general, strain ES-2 was able to utilize a broader spectrum of sugars, organic acids, and amino acids (Table 1 ). More significantly, there were also differences in their uses of haloalkanes as well as the equivalent alcohols, alkanoic acids, and unsubstituted alkanes ( Table 2 ). The main points arising from the data in Table 2 may be summarized as follows. (i) None of the nonsubstituted alkanes except for decane, which was utilized very slowly by ES-1, supported strains utilized 1-carboxylic acids (C2 to C17) with the exception of caproic acid (C6). ES-2, however, grew also on stearic acid (C18). (iv) Both strains grew on aliphatic 1-alcohols (C2 to C18), except that neither strain grew on 1-hexanol and only strain ES-2 grew on 1-octanol. Substrate emulsification. Many of the compounds in Table  2 are water insoluble and, upon addition to the growth medium, accumulate as large droplets on the bottom of the growth vessels. In growing cultures, however, a fine emulsion of the substrate was formed within a few hours after inoculation, although not all of the droplets disappeared. Thus, the first step in utilization of the insoluble substrates, such as 1-bromooctane, appears to be their emulsification in the medium.
Attempts to quantify the emulsification activity in the growth medium by the methodologies of Rosenberg et al. (27) and Sar and Rosenberg (29, 30) yielded very low activities. Since those methods were developed for the specific interaction between the emulsifier of Acinetobacter caldoaceticus RAG-1 and a mixture of aliphatic and aromatic hydrocarbons, this is not surprising. An alternative method was thus developed (4), as described in Materials and Methods. Figure 2 shows that excretion of the emulsifier into the medium started immediately after inoculation and preceded measurable growth by several hours. Emulsification of the substrate, therefore, appears to be an essential step in the initiation of its utilization. There are, however, other factors involved in determining the length of the lag period. As has been previously shown (4) , when the specificity of the ES-2 emulsifier (excreted during growth on 1-bromooctane) to various bromoalkanes was tested, maximal activity was obtained for 1-bromodecane (Fig. 3a) . However, the durations of the lag periods preceding bromide release from the different bromoalkanes in concentrated cell suspensions increased with increasing chain length (Fig. 3b) . Up to C1o, at least, the correlation to emulsifier activity was, thus, actually negative. Dehalogenation, therefore, is apparently also restricted by another parameter, in addition to substrate solubility.
Nevertheless, the presence of the emulsifier was essential 1-bromodecane (Fig. 3c) strains ES-1 and ES-2 was inducible, bromide release from 1-bromooctane by cells grown on 1-propanol and by cells grown on 1-bromooctane in the presence or absence of the protein synthesis inhibitor chloramphenicol (10 mg/liter) were compared. The data for ES-2 ( Fig. 5) indicate that the dehalogenase of this organism is inducible: while bromooctane-grown cells dehalogenated the substrate with a very short lag period, for propanol-grown cells there was a 6-h delay before bromide release was observed. The presence of chloramphenicol almost completely prevented Br-release in the propanol-grown cells but exerted only a minor effect on bromooctane-grown cells. Similar results (data not shown) were obtained for strain ES-1.
In order to identify the dehalogenation pathways of 1-bromoalkanes of the two strains, cell suspensions (2 x 108 cells per ml) were incubated in the presence of 20 mM 1-bromooctane. After several hours, the cells were separated from the medium and mechanically disrupted as described in Materials and Methods. The ethyl acetate extracts of both the medium and the disrupted-cell supernatant were analyzed by gas chromatography. The only compounds observed in the medium and in the cell extract were 1-bromooctane and 1-octanol, respectively. No bromooctane was found in the cells, and no octanol was observed in the medium. After 5 h (Fig. 6 ), 1-bromooctane was totally depleted, concomitantly with the increase in free-bromide concentrations. Octanol concentration in the cells increased for the first 2.5 h and then declined, indicating its continuous utilization. The maximal 1-octanol concentration observed was equivalent to nearly 20% of the bromooctane degraded.
Repeated attempts to relate dehalogenase activity in the studied strains to the presence of a plasmid have failed. While several reports describe plasmid-coded dehalogenases for halogenated acids (8, 9, 12) , in all reports dealing with haloalkane degradation genetic information is lacking (4) . It remains to be determined whether the relevant genetic information in strains ES-1 and ES-2 is indeed chromosomal or whether plasmids which were too large to be separated by the method used are present.
DISCUSSION
The two isolates described in this article, tentatively identified as Pseudomonas spp., are the first reported strains TIME (h) FIG. 6. 1-Bromooctane utilization and octanol production by strain ES-2. Twenty-four-hour-old 1-bromooctane-grown cells were resuspended (2 x 108/ml) in fresh growth medium containing 20 mM 1-bromooctane and incubated at 30°C with shaking in 25-ml replicates. At each time point, one flask was analyzed. The data are amounts per flask. Bromide was assayed in the medium; 1-octanol and 1-bromooctane were assayed in ethyl acetate extracts of the medium and cellular cytoplasm, respectively.
to possess the metabolic capacity to biodegrade a wide range of 1-bromoalkanes: strain ES-2 grew on all monobromoalkanes tested in the C6-to-C18 range and also dehalogenated 1-bromopropane and 1-bromobutane. ES-1 utilized 1-bromoalkanes only in the C7-to-C12 range. Because of its broader activity spectrum, strain ES-2 was more thoroughly investigated.
Numerous reports in the past have described organohalide metabolism by various Pseudomonas strains (9, 19, (21) (22) (23) (34) (35) (36) . However, in general, reports on the dehalogenation and/or degradation of long-chain halogenated aliphatic hydrocarbons hardly mention the significant fact that many of these compounds are highly insoluble. In their pioneering work on haloalkane degradation, Omori and Alexander (21) mention that the substrate (1,9-dichlorononane) was separated from the medium by centrifugation; however, no mention of the obvious problems of substrate accessibility to the bacteria was made. Similarly, Janssen et al. (11) mention that some substrates were poorly soluble, thus explaining low utilization efficiency. Conversely, Scholtz et al. (31) assumed that the rate of solubilization of the sparingly soluble chloroalkanes (C6 and longer) was higher than the rate of hydrolysis and, therefore, not limiting for dehalogenation by the purified 1-chlorohexane halidohydrolase, a wide-substrate-range enzyme of Arthrobacter sp. strain HA-1. Such an assumption, however, cannot be justified for intact cells. In all cases in which insoluble haloalkanes were partially or fully utilized (Table 2) , an emulsification step must have taken place before any degradative activity.
Emulsification of insoluble organic compounds has been investigated in detail in the past (see reference 26 As in other reported cases (3, 21, 22, 32, 34, 37) , the dehalogenase of 1-bromooctane in the two studied species was inducible. Aerobic dehalogenation was reported to take place in two major pathways, oxidative and hydrolytic, leading to the formation of an aldehyde or an alcohol, respectively (31-33, 36, 37) . For both ES-1 and ES-2, the formation of 1-octanol from 1-bromooctane indicates the existence of hydrolytic dehalogenation. It remains to be determined whether this is the only dehalogenation mechanism in these strains. At least for isolate ES-2, the fact that it is able to grow on 1-bromohexane while being incapable of utilizing 1-hexanol possibly indicates an additional dehalogenation mechanism.
Another indication for the existence of additional dehalogenase(s) in strain ES-2 lies in the difference in its activity spectra for bromo-and chloroalkanes ( (31) , an isolate utilizing organic compounds similar in character to those utilized by strain ES-2, three hydrolytic dehalogenases that were different in their substrate specificities were described. Two hydrolytic dehalogenases, one specific for halogenated alkanes and one specific for alkanoic acids, were also found forXanthobacter autotrophicus GJ10 (14) . Yokota 
